The recrystallization process of hot deformed austenite of TRIP steel was predicted using Cellular Automaton (CA) combined with the principles of physical metallurgy. A model was developed for prediction of the dynamic and static recrystallization microstructure evolution and properties of hot deformed austenite for TRIP steel. The theoretical modeling of recrystallization was based on dislocation density. The microstructure evolution of austenite recrystallization of TRIP steel (such as the grain shape and size, volume fraction, kinetics curve of recrystallization) was predicted both visually and quantitatively. The distribution and variation of the dislocation density and flow stress were also obtained, and the effects of silicon content on recrystallization for TRIP steel were analyzed. The CA calculation results were in good agreement with the measured ones. Abstract: The recrystallization process of hot deformed austenite of TRIP steel was predicted using cellular automaton (CA) combined with the principles of physical metallurgy. A model was developed for prediction of the dynamic and static recrystallization microstructure evolution and properties of hot deformed austenite for TRIP steel. The theoretical modeling of recrystallization was based on dislocation density. The microstructure evolution of austenite recrystallization of TRIP steel (such as the grain shape and size, volume fraction, kinetics curve of recrystallization) was predicted both visually and quantitatively. The distribution and variation of the dislocation density and flow stress were also obtained, and the effects of silicon content on recrystallization for TRIP steel were analyzed. The CA calculation results were in good agreement with the measured ones.
In Equations (3) 
The relationship between the flow stress and the dislocation density can be described as [19] :
where α is the interaction coefficient of dislocation density, usually taken as 0.5, b is the Burgers vector, ρ the average dislocation density, and µ the shear modulus.
The nucleation rate N  is affected by the strain rate and the temperature, and can be expressed as [20, 21] :
where C is a constant, ε the strain rate, l the dislocation displacement (also called subgrain size).
The grain growth rate v can be expressed as follows [22] :
v m P = ⋅ (8) where m is the grain boundary mobility, P is the driving force for grain boundary movement, which in turn can be expressed as [22] : 
Mathematical Model of Static Recrystallization
The occurrence of static recrystallization requires a certain incubation period, which can be expressed as [23] : 
where k is the influence coefficient of static recovery. This, in turn, can be expressed as [25] ,
where 0 k , k m , and k Q are constants. From Equations (11) and (12) , the model of the dislocation density is obtained:
where d
ρ is the dislocation density just in the end of deformation.
The nucleation rate N  is affected by the strain rate and the temperature, which can be expressed as [26] :
where C is a constant, ε the strain rate, b the Burgers vector, l the dislocation displacement (subgrain size), (15) where Mn, Si, Mo, Ti and Nb are the mass percentages of Manganese, Silicon, Molybdenum, Titanium and Niobium in the TRIP steel respectively. During hot deformation, the strain-induced precipitation behavior of low carbon Nb-steel can significantly inhibit static recrystallization. During the isothermal deformation and thermal holding, the softening rate curve reaches a plateau, and the temperature at the beginning of the plateau is defined as the static recrystallization critical temperature (SRCT). The non-recrystallization temperature ( nr T ) defined by Jonas [27] is roughly the same as the SRCT, which is defined as the start temperature of inhibition recrystallization. Through the analysis of experimental data and regression in reference [28] (16) where, as before, C, Si, Al, Ti, Nb and V are respectively the mass percentages of the micro-alloyed components 5 (Carbon, Silicon, Aluminium, Titanium, Niobium and Vanedium) in the TRIP steel.
CA Model of Dynamic Recrystallization
A two-dimensional computational domain representing 0.5 mm × 0.5 mm actual sample size was constructed. This is divided into 250 000 (500 × 500) square computational cells, so that each cell side is 1 µm.
The isotropic initial grain growth is represented in gray, and newly generated grains are represented in multiple colors. Alternant Moore-type neighbors [29] and periodic boundary conditions are used in the model.
For each cell, four state variables are solved for:
(1) dislocation density (initial value 1.0E12/m 2 [30] ): this increases with strain, and decreases upon recovery and recrystallization;
(2) grain orientation: a newly generated recrystallization cell is randomly given a number between 1 and 180 as orientation value. The cell with the same orientation value belongs to the same grain, and different grains are represented by different colors;
(3) recrystallization flag: "0" indicates an un-recrystallized state, and "1" indicates recrystallized state; (4) grain boundary sign: it is used to indicate the location of grain boundary cell.
The nucleation rule of a certain rate is adopted, and it is assumed that the nucleation occurs only in the cell which has the critical value of dislocation density and is inside the grain boundary. Once nucleation starts in a cell, it will spread to its neighbor at a speed v , changing the neighbor cell from an un-recrystallized state to a recrystallized state.
A deterministic growth rule is adopted, and the grain growth rate can be calculated using Eq. (8) . The growth distance l of the nucleated cell to a neighboring un-recrystallized cell can be expressed as:
where dt is the time step. If l ≥ a (cell dimension), the neighboring un-recrystallized cell will transform into a recrystallized cell.
Prediction of Recrystallization Parameter
The programming for predicting the recrystallization was carried out on the MATLAB platform, using the principles of physical metallurgy and CA models. The evolution in grain morphology and recrystallization can be traced at different instants of time. The fraction of dynamic recrystallization X drx can be expressed as:
where dr Y is the number of cells undergoing dynamic recrystallization, and Y is the total number of cells in the adjacent space.
The fraction of static recrystallization X srx can be expressed as follows:
where Y sr is the number of cells undergoing static recrystallization.
The average grain size of recrystallization in the program was counted and computed based on the assumption that the same grain contains multiple cell area. The dislocation density of every cell at every moment can be predicted, and the changes of the flow stress with the strain also can be obtained according from Eq. (6).
Results and Discussion

Simulation parameters
Using the above method, the austenite recrystallization process of the TRIP steel during the hot deformation was predicted. The chemical composition of the steel is shown in Table 1 . Steel A is the TRIP steel with high silicon content, and the steel B is a reference steel with low silicon content. The temperature is assumed to be 1200°C, along with a soaking time of 3 minutes, and the initial grain size of about 82 µm. Table 2 shows the parameters of single-pass compressive deformation for steel A and B in the analysis process. Table 1 Chemical composition of steel used (mass, %) Table 2 Parameters of single-pass compressive deformation for steel A and B Table 3 shows the parameters of double-pass compressive deformation for steel A in the analysis process. 
Results and discussion
Simulation Results of Dynamic Recrystallization
Based on the parameters of single-pass compressive deformation, the dynamic recrystallization microstructure evolution and property of hot deformed austenite for steels A and B were simulated. The main predicted results are as follows. , and different strains. In the figure, it can be seen that dynamic recrystallization nucleation starts at the grain boundary, and then the recrystallized grain continues to grow.
1) Microstructure evolution
The recrystallization fraction increases gradually with increasing strain. The initial austenite grain of austenite is shown in gray, and the newly generated dynamic recrystallized grain is shown in multiple colors. 
2) Prediction of the kinetics curve
The predicted S-shaped kinetics curve and the Avrami curve of dynamic recrystallization for steel A with a strain rate of 0.1s -1 are shown in Fig. 3 (a) and (b) respectively. In Fig. 3 (b) , the 't r ' is the incubation period for the dynamic recrystallization, which indicates that the dynamic recrystallization does not occur at the beginning of the deformation, but over a period of time. As the strain increases, the dislocation density increases to a critical value, and then the nucleation begins. Fig. 3(a) shows that under the same conditions of strain rate, the incubation period of dynamic recrystallization becomes smaller with increasing deformation temperature, and that dynamic recrystallization occurs more easily. From the Avrami curve of dynamic recrystallization in Fig. 3 (b) , at different temperature, the Avrami curve shows a linear, and the slope of the line is basically the same which approximately equals to 2 that is consistent with JMAK theory [31] that the two-dimensional growth time index n. . Fig. 1(a) to (d) show that for the grain of beginning nucleation of dynamic recrystallization, the dislocation density obviously decreases, and then the dislocation density of new generated grain increases with increasing strain. As the new grains continue to grow, the dislocation density of cell later undergoing recrystallization in succeeding process is significantly reduced. Inside each dynamic recrystallization grain, the dislocation density shows a decreasing trend from grain interior to grain boundary. , and strain 0.69. From the figure, it can be seen that the dislocation density of the steel A is far greater than the steel B. It is seen that the dynamic recrystallization of steel A is inhibited due to high silicon content, and the dislocation density is higher. . It can be seen from Fig. 6 that the average dislocation density increases with increasing strain at the beginning of hot deformation. When the dislocation density reaches a critical value, the dynamic recrystallization occurs at the grain boundary and the dislocation density begins to decrease. During hot deformation, work-hardening of the metal and dynamic recovery processes occur simultaneously. As the strain increases, on the one hand, work hardening causes the dislocation density to rise. On the other hand, dynamic recovery causes a reduction in the dislocation density. . The lower the temperature, the greater the flow stress, and plastic deformation is more difficult. . At the same deformation temperature, the higher the silicon content, the greater the flow stress. at a strain of 0.69. At the same strain rate, the average grain size of dynamic recrystallization is larger when the deformation temperature is higher. At the same deformation temperature, the average grain size of dynamic recrystallization is larger when the strain rate is smaller. The reason is that the higher the deformation temperature, and the smaller strain rate, and dynamic recrystallization occurs more easily. 
Simulation Results of Static Recrystallization
Based on the parameters of double-pass compressive deformation, the static recrystallization microstructure evolution and property after hot deformation for steel A were simulated. The main predicted results are as follows: 2) Prediction of kinetics curve Fig. 11 shows the simulated kinetics curve of the static recrystallization of steel A after deformation. As the deformation temperature and pass interval time increase, the fraction of static recrystallization also increases. It can be seen that when the deformation temperature increases to1100°C, the fraction of static recrystallization is 58.9%.
This indicates that the static recrystallization is incomplete, the main reason is that the static recrystallization of TRIP steel is prevented due to the high silicon content in steel A. , strain 0.3. Due to the static recrystallization and static recovery, the average dislocation density decreases. In the same pass interval, the higher the deformation temperature, the average dislocation density is smaller. . It can be seen from Fig. 13 that for the grain of beginning nucleation of static recrystallization, the dislocation density obviously decreases, and then the dislocation density of new generated grain will decrease with the static recovery. As the new grains continue to grow, the dislocation density of cell growing up into a recrystallization in succeeding growth process is significantly reduced. On the whole, in the region of recrystallization occurrence, the dislocation density is significantly reduced. 
Conclusions
(1) A model for predicting the dynamic and static recrystallization of hot deformed austenite for TRIP steel was developed using Cellular Automaton (CA). The code was programmed on the MATLAB platform, and was used to quantitatively predict the microstructure evolution of austenite recrystallization, in terms of parameters such as grain shape and size and volume fraction.
(2) The effects of deformation temperature, strain rate, silicon content and other parameters on dynamic and static recrystallization microstructure in the austenite were analyzed. Fig. 12 The curve of average dislocation density of static recrystallization of steel A with 1s -1 strain rate 
